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NASA TT F-692 

CONTEMPORARY IDEAS ABOUT THE ATMOSPHERE OF VENUS 

V. N. Konashenok 

ABSTRACT. The methods and t h e  r e s u l t s  of t h e  Venus atmospheric 
r e sea rch  wi th  t h e  he lp  of spacecrafts, Venus-&, Venus-5, Venus-6 
and Mariner-5 are descr ibed  and c h i e f  r e s u l t s  of recent ground 
obse rva t ions  are given. Various experimental  r e s u l t s  are compared 
and analyzed from t h e  po in t  o f  view of t h e  presence of t h e  d i s 
c repancies .  Then t h e  p r i n c i p a l  problems a s soc ia t ed  wi th  t h e  
t h e o r e t i c a l  i n t e r p r e t a t i o n  o f  t h e  given obse rva t ions ,  as w e l l  
as wi th  t h e  modeling o f  t h e  upper and lower atmosphere are d e a l t  
with.  

October 1967 went down as a s i g n i f i c a n t  month i n  t h e  h i s t o r y  of i nves t iga - i 3 *  
t i o n s  of Venus. On October 18, t h e  Sovie t  automatic s p a c e c r a f t  Venera-4 com

p l e t e d  a smooth descent i n  Venus' atmosphere and t r ansmi t t ed  t o  Ea r th  t h e  f i r s t  

d i r e c t  d a t a  on t h e  p r e s s u r e ,  t empera ture ,  d e n s i t y ,  and composition of t h e  

atmosphere a t  va r ious  a l t i t u d e s .  On t h e  following day t h e  American i n t e r 

p l a n e t a r y  s p a c e c r a f t  Mariner-5 f l ew  p a s t  Venus, providing supplementary in

formation about t h e  c o n s t i t u e n t s  o f  Venus' atmosphere. These i n t e r p l a n e t a r y  

f l i g h t s  gave a powerful impetus t o  t h e  ca r ry ing  oyt  of a wide series of exper i 

mental and t h e o r e t i c a l  i n v e s t i g a t i o n s ,  as a r e s u l t  of which our  ideas  about 

Venus w e r e  s i g n i f i c a n t l y  broadened. The number of s c i e n t i f i c  pub l i ca t ions  de

voted t o  t h e  problems of t h i s  p l a n e t  underwent an ex t r ao rd ina ry  growth i n  r ecen t  

t i m e s .  The p resen t  information is intended t o  e l u c i d a t e  t h e  fundamental r e s u l t s  

of t h e  papers publ i shed  i n  1968-1969 and emphasizing those  having unsolved 

problems . 
1. Experimental D a t a  -~ 

- - _ _Resul t s  Obtained wi th  t h e  Help of t h e e n e r a - 4  -Spacecraf t- _ _  - - - - - . . 

On board t h e  s p a c e c r a f t  Venera-4 measurements w e r e  c a r r i e d  out bo th  during 

t h e  f l i g h t  of t h e  s p a c e c r a f t  t o  t h e  p l a n e t  and dur ing  t h e  smooth descent of t h e  

device  by parachute  i n - t h e  dense l a y e r s  of t h e  atmosphere. UpOli landing ,  mag

n e t i c ,  plasma, and u l t r a v i o l e t  measurements w e r e  made, During t h e  smooth descen t ,  

- _ _ _  _ _  - - - - 

* Numbers i n  t h e  margin i n d i c a t e  pag ina t ion  i n  t h e  f o r e i g n  text .  
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which occurred on t h e  n igh t t ime  s i d e  of t h e  p l a n e t  n e a r  t h e  t e rmina to r ,  t h e  

p re s su re ,  dens i ty ,  temperature,  and composition of t h e  atmosphere w e r e  measured. 

The fundamental problem of t h e  magnetic measurements cons i s t ed  of a p r e c i s e  -/4 
d e f i n i t i o n  of t h e  upper l i m i t  of a p o s s i b l e  magnetic f i e l d  of Venus and t h e  

de te rmina t ion  o f  t h e  n a t u r e  o f  t h e  i n t e r a c t i o n  o f  t h e  s o l a r  wind wi th  t h e  p lane t .  

The measurements w e r e  c a r r i e d  ou t  wi th  t h e  h e l p  of a three-component iron-probe 

magnetometer. A s  a r e s u l t ,  it w a s  e s t a b l i s h e d  t h a t  t h e  magnetic moment o f  Venus 

is 3000 t i m e s  less than  t h e  magnetic moment of t h e  Ea r th  and t h a t  Venus e x e r t s  

a per turb ing  effect  on t h e  i n t e r p l a n e t a r y  medium ( t h e  n a t u r e  of t h e  pe r tu rba t ion  

does no t  c o n t r a d i c t  i d e a s  on t h e  formation o f  a shock wave) C61. 

The p r i n c i p a l  problem o f  t h e  plasma measurements w a s  t h e  determination of 

t h e  concent ra t ion  o f  charged p a r t i c l e s  i n  t h e  ionosphere of Venus. To so lve  

t h i s  problem, f o u r  cha rged-pa r t i c l e  c o l l e c t o r s  were mounted on t h e  spacecraf t .  

The f l a t  c o l l e c t o r s ,  s u i t a b l e  f o r  measuring ion  concen t r a t ions  from 50 t o  5000 

per  cm’ and sepa ra t ing  t h e  ionospher ic  i o n s  from t h e  more ene rge t i c  p a r t i c l e s  

from beyond t h e  ionosphere,  showed t h a t  from a d i s t a n c e  o f  around 19,400 km 

from t h e  s u r f a c e  a s i g n i f i c a n t  i n c r e a s e  of t h e  i o n  c u r r e n t s  began (which a l s o  

does not  c o n t r a d i c t  t h e  i d e a s  about t h e  formation o f  a shock wave by t h e  s o l a r  

wind i n  t h e  case o f  t h e  flow around a p l ane t ) .  The hemispherical  c o l l e c t o r s ,  

which are use fu l  f o r  measuring concen t r a t ions  from I O 4  t o  lo7 d id  not  

record  any c u r r e n t s  a t  a l l .  The a n a l y s i s  of t h e  c u r r e n t s  of t h e  f l a t  c o l l e c t o r s  

recorded a t  ionospher ic  a l t i t u d e s  shows t h a t  t h e  concen t r a t ion  of p o s i t i v e  i o n s  

i n  t h e  n ight t ime ionosphere does not  exceed lo3 [4]. 

The main goal of t h e  u l t r a v i o l e t  measurements c o n s i s t e d  of determining 

t h e  amount of atomic hydrogen and atomic oxygen i n  t h e  upper atmosphere of Venus. 

Photon counters  w e r e  used f o r  t h i s ;  they record  t h e  i n t e n s i t y  of t h e  sun l igh t  

r e sonan t ly  s c a t t e r e d  by atoms of oxygen and hydrogen ( i n  s p e c t r a l  i n t e r v a l s  n e a r  

1216 and 1304 1). N o  emission w a s  de tec ted  i n  t h e  oxygen l i n e s ,  which confirms 

t h e  very s m a l l  amount of oxygen i n  t h e  upper atmosphere. The observa t ions  i n  

t h e  L l i n e  o f  atomic hydrogen permitted e s t a b l i s h i n g  t h e  l a w  of v a r i a t i o n  of 
ty 


i t s  i n t e n s i t y  wi th  a l t i t u d e  and es t imat ing  t h e  concen t r a t ion  of atomic hydrogen, 
which a t  a d i s t a n c e  of 10,000 km from t h e  center  o f  t h e  p l a n e t  amounts t o  50 c m  -3 

C331. 
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The o b j e c t  o f  t h e  series o f  measurements c a r r i e d  out  dur ing  t h e  descent 

of t h e  spacec ra f t  by parachute  cons i s t ed  of determining t h e  s t r u c t u r e  o f  t h e  

lower atmosphere of Venus. To achieve t h i s ,  devices  f o r  measuring t h e  com

p o s i t i o n ,  p ressure ,  temperature,  and dens i ty  w e r e  mounted on t h e  spacec ra f t  

along wi th  a r a d a r  a l t i m e t e r ,  which w a s  supposed t o  e s t a b l i s h  a t i e - i n  between 

t h e  measured d a t a  and t h e  s u r f a c e  o f  t h e  p lane t .  

The chemical composition o f  t h e  atmosphere w a s  determined [ 3 ]  wi th  t h e  

h e l p  of 11 g a s  ana lyzers ,  of which 5 operated when t h e  manometer showed a 

p res su re  of 550 mm and t h e  temperature w a s  25 k 1 0 ° C ,  and t h e  remaining 6 a t  

a p res su re  of 1500 mm and a tempera ture  of 90 f 10°C.  Each of t h e  g a s  ana lyze r s  

c o n s i s t e d  of a hermetic c y l i n d e r  o f  s p e c i f i e d  volume d iv ided  i n  h a l f  by a m e m 

brane. During ope ra t ion ,  t h e  atmospheric g a s  w a s  in t roduced  i n t o  both s i d e s  of 

t h e  membrane, and then  t h e  g a s  ana lyzer  w a s  aga in  pressur ized .  Carbon d ioxide  

g a s  w a s  measured by 4 d e t e c t o r s  (by 2 i n  each of t h e  groups) ,  3 of which w e r e  

th reshold- type  and showed g r e a t e r  t han  1%and greater than  SO%, and one of 

amplitude-type showed 90 ? 10%. The p res su re  d i f f e r e n c e s  a r i s i n g  upon t h e  

abso rp t ion  of carbon d ioxide  g a s  by potassium hydroxide i n  one of t h e  c e l l s  

w e r e  a d i r e c t l y  measured q u a n t i t y  i n  t h e  two threshold- type  and t h e  one a m 

p l i t ude - type  d e t e c t o r s ,  and t h e  d i f f e r e n c e  i n  thermal c o n d u c t i v i t i e s  w a s  

measured i n  t h e  f o u r t h  d e t e c t o r .  

Nitrogen w a s  measured by 2 d e t e c t o r s  whose readings  e s t a b l i s h e d  wi th  

c e r t a i n t y  t h a t  i t s  amount is less than 7%. A d i r e c t l y  measured q u a n t i t y  w a s  

t h e  p re s su re  d i f f e r e n c e  a r i s i n g  i n  t h e  c e l l s  a f t e r  t h e  abso rp t ion  of CO
2 

and 02 
i n i t i a l l y  i n  both and then  n i t r o g e n  i n  one of them wi th  t h e  h e l p  of zirconium 

at  a temperature of 1 0 0 0 ° C .  The oxygen conten t  w a s  measured by a th re sho ld  

d e t e c t o r  ope ra t ing  by t h e  combustion of a tungs ten  th read  a t  8 0 0 0 ~ .  Th i s  de

t e c t o r  showed t h e  amount of oxygen t o  be greater  than  0.4%. The amount of 

w a t e r  vapor w a s  determined by two th re sho ld  d e t e c t o r s  measuring t h e  d i f f e r e n c e  

of t h e  e lectr ical  conduc t iv i ty  a r i s i n g  a f t e r  t h e  abso rp t ion  o f  w a t e r  vapor by 

P 
2 
05’ and by an amplitude d e t e c t o r  measuring t h e  p re s su re  d i f f e r e n c e  a f t e r  t h e  

abso rp t ion  of w a t e r  vapor i n  one o f  t h e  c e l l s  by calcium ch lo r ide .  The r e s u l t s  

i n d i c a t e  t h a t  t h e  amount o f  w a t e r  vapor l i es  wi th in  t h e  l i m i t s  of  0.1-0.7%. One 

o f  t h e  d e t e c t o r s ,  which determines t h e  t o t a l  amount of O2 and H20 from t h e i r  
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abso rp t ion  upon t h e  vapor i za t ion  o f  phosphorus, i n d i c a t e d  t h a t  O2 + H20 < 1.6%. 

Thus, t h e  r e s u l t s  o f  t h e  composition measurements can be  summarized i n  t h e  

fo l lowing  r e l a t i o n s :  

CO, 90 1O'//,, N,<70/0, 

The temperature w a s  measured wi th  t h e  h e l p  o f  two r e s i s t a n c e  thermometers 

w i th  measurement ranges o f  270-600" K f o r  one and 220-720" K f o r  t h e  o the r .  The 

mean square  e r r o r  of t h e  measurements f o r  t h e  first d e t e c t o r  w a s  rf: 4" and f o r  

t h e  second, rf: 17" [l, 21. 

Measurements o f  t h e  d e n s i t y  w e r e  c a r r i e d  out w i th  t h e  a i d  of a densimeter 

which opera ted  on t h e  p r i n c i p l e  of t h e  dependence o f  t h e  i o n i z a t i o n  c u r r e n t  i n  

a g a s  produced by r a d i o a c t i v e  material on t h e  d e n s i t y  o f  t h i s  gas .  Its range 

of measurements amounted t o  5 x 10-4 t o  1.5 x 10-2 gm/cm 3 , and t h e  mean square  

e r r o r  w a s  5 3 x 10-3 gm/cm3 [I]. The p res su re  w a s  measured by a manometer of 
2

t h e  anero id  type  wi th  a range o f  0.13-7.3 kg/cm and wi th  a mean square 
2 

measurement e r r o r  of rf: 0.2 kg/cm [2]. 

The measurements began a t  7 hours 40 minutes 52 seconds, Moscow t i m e .  

The d a t a  on t h e  p r e s s u r e  and d e n s i t y  w e r e  ob ta ined  r i g h t  up t o  t h e  t i m e  of f u l l -

scale readings  o f  t h e  devices ,  which corresponds t o  8 hours  30 minutes 31 seconds 

and 8 hours 50 minutes 00 seconds. The temperature measurements were c a r r i e d  

out  up t o  c e s s a t i o n  of con tac t  with t h e  s p a c e c r a f t ,  i .e.,  up t o  9 hours 13 min

u t e s  51 econds [l]. The t i e - i n  of t h e  measurements wi th  t h e  a l t i t u d e  from t h e  

i n i t i a l  po in t  of t h e  measurements w a s  accomplished i n  two ways. In one, t h e  

equat ion  o f  motion w a s  used f o r  t h e  quas i - s teady  descent of t h e  spacec ra f t  by 

parachute,  and i n  t h e  o t h e r  t h e  h y d r o s t a t i c  equat ion  w a s  used. Both methods 

of reduct ion  g ive  r e s u l t s  which agree  wi th  each o t h e r  w i t h i n  t h e  l i m i t s  of  t h e  

measurement e r r o r s .  The whole a l t i t u d e  range o f  t h e  measurements amounts t o  

28 rf: 1 km. I n  t h i s  range o f  a l t i t u d e s  t h e  temperature changes from 300 rf: 17" K 
+0.6 

t o  535 k 17" K ,  t h e  p re s su re  changes from 0.76 rf: 0.2 kg/cm 
2 

t o  17.6 -1.3 kg/cm 
2 , 

and t h e  dens i ty  changes from (1.2 rf: 0.4) x 10-3 g/cm3 t o  (16.9 rf: 1.2) x lo" [2]. 

The he igh t  of a uniform atmosphere, H = kT/mg, n e a r  t h e  l a s t  po in t  of measure

ment amounts t o  about 1 2  km. The temperature g rad ien t  throughout t h e  las t  

10-15 km of t h e  descent is c l o s e  t o  t h e  a d i a b a t i c  va lue  f o r  C02. 
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Resu l t s  Obtained wi th  t h e  Help of t h e  Mariner-5 Spacec ra f t  
~ - - - ___  .__ -

The method of i n v e s t i g a t i n g  t h e  atmosphere u t i l i z e d  on t h e  Mariner-5 

spacec ra f t  c o n s i s t s  o f  determining a t  va r ious  h e i g h t s  t h e  index of r e f r a c t i o n  of 

t h e  atmospheric g a s e s  i n  t h e  frequency reg ion  2297 MHz. The q u a n t i t i e s  d i r e c t l y  

measured are t h e  t races  recorded by s t a t i o n s  on t h e  e a r t h  of t h e  measurement of 

frequency, phase, and amplitude of t h e  r ad io  s i g n a l  t r a n s m i t t e d  through t h e  

d i f f e r e n t  l a y e r s  i n  t h e  atmosphere upon t h e  passage of t h e  spacec ra f t  behind 

t h e  d i s k  of t h e  p l a n e t  and upon i t s  egress. The r educ t ion  of t h e  recorded 

measurements of t h e  amplitude,  frequency, and phase, and then  t h e  amount of 

r e f r a c t i o n ,  w a s  c a r r i e d  o u t  w i th  r e spec t  t o  t h e  c e n t e r  of Venus. For t h i s  pur

pose, accurate t r a j e c t o r y  d a t a  on t h e  pos i t i on  of t h e  s p a c e c r a f t  r e l a t i v e  t o  

t h e  c e n t e r  of Venus and t h e  Ea r th  w a s  used. The exac t  amounts of r e f r a c t i o n  

a t  va r ious  a l t i t u d e s  w e r e  determined from t h e  d a t a  on t h e  Doppler frequency 

s h i f t  and t h e  phase caused by t h e  i n c r e a s e  i n  pa ths  (because of t h e  bending) 

and t h e  v a r i a t i o n  o f  t h e  propagation speed of a r a d i o  wave i n  t h e  atmosphere 

of Venus, which w a s  assumed t o  be  s p h e r i c a l l y  s y m m e t r i c .  The upper p a r t  of 

t h e  r e f r a c t i o n  p r o f i l e  ob ta ined  corresponds t o  t h e  ionosphere,  where t h e  re

f r a c t i o n  i s  nega t ive  and p ropor t iona l  t o  t h e  e l e c t r o n  dens i ty .  I n  t h e  lower 

atmosphere, t h e  r e f r a c t i o n  i s  p o s i t i v e  and l i n e a r  r e l a t i v e  t o  t h e  concent ra t ion  

of each gaseous component. The lowest po in t  of t h e  r e f r a c t i o n  p r o f i l e  cor re

sponds not  t o  a l e v e l  nea r  t h e  su r face  but t o  t h e  so -ca l l ed  l e v e l  of c r i t i c a l  

r e f r a c t i o n ,  i.e., t h e  l e v e l  below which t h e  r a d i u s  of r e f r a c t i v e  cu rva tu re  of 

a r a d i o  wave i s  less than  t h e  r a d i u s  of t h e  p lane t .  Near t h e  l e v e l  of c r i t i c a l  

r e f r a c t i o n  t h e  amplitude of t h e  s i g n a l  dropped below t h e  th re sho ld  of d e t e c t i o n  

because of t h e  s t rong  defocusing and weakening of t h e  r a d i o  wave. 

I n  o r d e r  t o  t ransform from t h e  measured r e f r a c t i o n  p r o f i l e  t o  t h e  p r o f i l e s  

of concen t r a t ion ,  temperature,  and p res su re  i n  t h e  lower atmosphere, it is 

necessary  t o  know t h e  composition o f  t h e  atmosphere.' Determination of t h e  

t o t a l  concen t r a t ion  of a l l  molecules f o r  a known composition w a s  c a r r i e d  ou t  

wi th  t h e  equat ion  
I t = - ,  	 A.' 

z in i  

___- .  . . . . . . . . .  - . . . . . . . . . . . . .  

1. 	 I n  t h i s  ca se ,  u s e  of t h e  Venera-4 d a t a  w a s  of g r e a t  importance. 
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where 

n i s  t h e  t o t a l  concen t r a t ion ;  

N i s  t h e  r e f r a c t i o n  i n  N-units; 

n .  i s  t h e  volume con ten t  o f  t h e  i - t h  g a s ;  and 
1 


Q/, i s  an empi r i ca l ly  determined cons tan t  ( i t  i s  equal t o  1.84 x 10-17 
I 

f o r  CO
2 

and 1.1 x f o r  N 2 ) .  

The temperature a t  va r ious  l e v e l s  is found wi th  t h e  h e l p  of t h e  h y d r o s t a t i c  

equat ion  from t h e  a l r eady  known concent ra t ion  p r o f i l e  and from t h e  molecular 

weight. 

The range of a l t i t u d e s  i n  which t h e  concen t r a t ion ,  temperature,  and p res su re  

w e r e  determined wi th  t h e  h e l p  of Mariner-5 s t a r t e d  from a po in t  corresponding t o  

a p l a n e t o c e n t r i c  d i s t a n c e  of 6143 km (where t h e  r e f r a c t i v e  e f f e c t  of n e u t r a l  

atmosphere w a s  f i r s t  d e t e c t e d ) ,  and ended a t  a poin t  corresponding t o  a d i s t a n c e  

o f  6088 km (where t h e  s i g n a l  amplitude f e l l  below t h e  t h r e s h o l d  of d e t e c t i o n ) ;  
n
L

t h u s ,  it comprised 55 km. I f  it is  kept  i n  mind t h a t  t h e  r a d i u s  of t h e  hard 

s u r f a c e  of Venus i s  c l o s e  t o  6050 km according t o  a r ecen t  estimate o f  ground-

based r a d a r  d a t a  [lo], then  t h e  r ecen t  d a t a  of Mariner-5 refers t o  an a l t i t u d e  

of  about 38 km above t h e  sur face .  The temperature and p r e s s u r e  p r o f i l e s  from 

t h e  Mariner-5 d a t a  are shown by s o l i d  curves  i n  F igu res  1 and 2 i n  agreement 

wi th  [32]. The r e s u l t s  of t h e  measurements by Venera-4 are shown i n  t h e s e  

f i g u r e s  by t h e  do t t ed  l i n e  included between t h e  dashed l i n e s  which i n d i c a t e  

t h e  l i m i t s  of accuracy of t h e  measurements according t o  [l]. The heavy dashed 

l i n e s  r ep resen t  an e x t r a p o l a t i o n  of t h e  p r o f i l e s  us ing  a cons tan t  temperature 

g rad ien t  of 8.96"K km-1. The temperature p r o f i l e  from t h e  Mariner-5 d a t a  i s  

obta ined  on t h e  assumption t h a t  t h e  atmosphere of Venus c o n s i s t s  of 90% C02 i n  

agreement wi th  t h e  Venera-4 measurements. I t  i s  evident  from t h e  f i g u r e s  t h a t  

t h e  agreement of t h e  tempera ture  and p res su re  p r o f i l e s  ob ta ined  with t h e  h e l p  

o f  Venera-4 and Mariner-5 i s  good. However, a comparison of these p r o f i l e s  with 

t h e  d a t a  on t h e  r a d i u s  o f  t h e  hard su r face  of Venus shows t h a t  t h e  recent  

measurements by Venera-6 do not r e f e r  t o  a l e v e l  near  t h e  s u r f a c e  as w a s  assumed 

. . . . .. . . . . . . - . I_ - - . . . -- . . . . .. 
~~ ~ ~~ . 

2. Thus t h e  range of t h e  va lues  o f  p re s su re  and temperature obtained 
i s  l imi t ed .  
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Temperature, OK 

Figure  1. 	 Temperature p r o f i l e s  from t h e  Mariner-5 d a t a  (1) and 
Venera-4 ( 3 ) .  (2 )  - ex t r apo la t ed  data.  
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Pressu re ,  mb 

Figure  2. 	 Pressu re  p r o f i l e s  f romt the  Mariner-5 d a t a  (1) and t h e  
Venera-4 d a t a  ( 3 ) .  ( 2 )  - ex t r apo la t ed  d a t a 
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i n i t i a l l y  but  r a t h e r  t o  a he igh t  of 25-30 km above t h e  sur face .  -/9 

The upper p a r t  o f  t h e  r e f r a c t i o n  p r o f i l e  ob ta ined  wi th  t h e  h e l p  of Mariner-5 

w a s  i n t e r p r e t e d  by m e a n s  o f  t h e  equat ion  

which determined t h e  dependence of t h e  r a d i o  r e f r a c t i o n  N on t h e  e l e c t r o n  con

c e n t r a t i o n  n ( n ~ ' ~ )  and t h e  r a d i o  frequency f (Hz). The p r o f i l e  o f  e l e c t r o n  
e 

concen t r a t ion  t h u s  obta ined  [3 l ]  f o r  t h e  daytime ionosphere of Venus is presented  

i n  F igure  3 i n  t h e  form of a dashed l i n e .  U l t r a v i o l e t  mesurements s i m i l a r  t o  

t h e  measurements by Venera-4 were a l s o  c a r r i e d  ou t  by Mariner-5. N o  emission 

a t  a l l  exceeding t h e  background b r i g h t n e s s  w a s  recorded i n  t h e  l i n e s  of atomic 

oxygen. The measurements o f  t h e  r a d i a t i o n  s c a t t e r e d  by t h e  upper atmosphere 

of Venus i n  t h e  Lyman-e l i n e  revea led  an i n t e r e s t i n g  p e c u l i a r i t y  c o n s i s t i n g  of 

a v a r i a t i o n  of t h e  s l o p e  of t h e  curve showing t h e  dependence of t h e  i n t e n s i t y  

o f  emission on p l a n e t o c e n t r i c  d i s t a n c e  a t  a poin t  corresponding t o  a d i s t a n c e  

of approximately 9000 km. The r e s u l t s  of t h e s e  measurements are  presented i n  

F igu re  4 [ l3] .  P o s s i b l e  i n t e r p r e t a t i o n s  of t h e  i n d i c a t e d  p e c u l i a r i t y  w i l l  b e  

d iscussed  below. 

Resu l t s  of Ground-Based Observations 

Ground-based methods of i n v e s t i g a t i o n  have achieved f u r t h e r  growth i n  r ecen t  

yea r s ,  among which t h e  spectroscopy of  p l ane ta ry  atmospheres has  occupied a 

p a r t i c u l a r l y  important place.  Belton, Hanse, and Goodey C151 app l i ed  a new 

method t o  t h e  i n t e r p r e t a t i o n  of t h e i r  own spec t rophotometr ic  obse rva t ions  of 

Venus i n  t h e  range 8000-11000 1. The method c o n s i s t s  of a d e t a i l e d  comparison 

o f  t h e  observed s p e c t r a  wi th  t h e  t h e o r e t i c a l ,  which are c a l c u l a t e d  f o r  a model 

of l i n e  formation i n  a uniform s e m i - i n f i n i t e  nonconservative s c a t t e r i n g  atmos

phere. Because of t h e  f a c t  t h a t  t h e  assumptions about t h e  v e r t i c a l  and ho r i 

zon ta l  un i formi ty  of t h e  atmosphere and t h e  i s o t r o p y  of t h e  s c a t t e r i n g  i n d i c a t r i x  

which were used i n  t h e  c a l c u l a t i o n  of t h e  s p e c t r a  do not  correspond t o  a real 

atmosphere, t h e  va lues  of t h e  p re s su re ,  temperature,  and mixing r a t i o  of t h e  

g a s e s  obtained as a r e s u l t  of t h e  a n a l y s i s  do not  correspond t o  any c l e a r l y  

def ined  l e v e l .  They r e f e r  t o  an e f f e c t i v e  l e v e l  of formation of t h e  l i n e s  

s i t u a t e d  somewhere below t h e  upper boundary of t h e  clouds.  The a n a l y s i s  of t h e  

C02 bands a t  10,500 and 10,380 permitted i n c l u s i o n  o f  t h e  fact  t h a t  a t  t h e  
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Elec t ron  concent ra t ion ,  104 cm -3 

F igure  3 .  Model of t h e  ionosphere of Venus: (1) Mariner-5 d a t a ,  
( 2 )  c a l c u l a t e d  da ta .  
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Distance from t h e  photometer's l i n e  of s i g h t  
t o  t h e  c e n t e r  of t h e  p l ane t ,  1d km. 

Figure  4. 	 I n t e n s i t y  of t h e  emission i n  t h e  Lyman-e l i n e  recorded 
by a d e t e c t o r  on Mariner-5. 
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l e v e l  of formation of t h e s e  l i n e s  t h e  t o t a l  p re s su re  is around 0.2 a t m ,  and t h e  

temperature i s  270 k 25" K .  A d i scuss ion  a t  hand on t h e  spectrum of t h e  H
2
0 

l i n e s  a t  8189 1 permi t ted  e s t a b l i s h i n g  t h e  fac t  t h a t  it is formed a t  a l e v e l  w i th  

a p re s su re  of approximately 0.4 a t m  and t h a t  t h e  H20 mixing r a t i o  is approxi

mately equal t o  10-4 . The important r e s u l t s  o f  t h e  a n a l y s i s  under d i scuss ion  /11 
a l s o  inc lude  a conclusion about t h e  range of v i s i b i l i t y  i n  a cloud being equal. 

t o  approximately 4 krn and t h a t  CO2 i s  t h e  primary c o n s t i t u e n t  of t h e  atmosphere. 

Recently,  t h e  most r ap id  method i n t e r p r e t a t i o n  of s p e c t r a l  d a t a  us ing  

curves  of growth h a s  achieved f u r t h e r  growth. Th i s  c o n s i s t s  of t h e  f a c t  t h a t  

t h e  usual method of curves  of growth used i n  t h e  case  of a c lear  atmosphere l e a d  

t o  s i g n i f i c a n t  e r r o r s  i n  t h e  de te rmina t ion  of t h e  p r e s s u r e  and t h e  amount of 

absorbing materials i n  a cloudy atmosphere where m u l t i p l e  s c a t t e r i n g  p l ays  a 

s i g n i f i c a n t  ro l e .  The model o f  formation of weak l i n e s  i n  a uniform conserva

t i v e  s e m i - i n f i n i t e  s c a t t e r i n g  atmosphere developed i n  1965 by Chamberlain w a s  

extended by Belton [I41 f o r  t h e  case  of a nonconservative,  i s o t r o p i c a l l y  

s c a t t e r i n g  atmosphere and f o r  t h e  case of s t rong  l i n e s .  Then t h i s  new method 

w a s  app l i ed  i n  an a n a l y s i s  of t h e  s p e c t r a  obta ined  e a r l i e r  by Connes e t  al .  

The va lues  obtained f o r  t h e  p r e s s u r e s  turned out  2-3 t i m e s  greater  than  t h e  

e f f e c t i v e  p re s su res  c a l c u l a t e d  wi th  t h e  h e l p  of t h e  usua l  curve  of growth of 

Lodenburg-Reiche, which agrees wi th  estimates obta ined  by means o f  a comparison 

of t h e  t h e o r e t i c a l  and experimental  spec t r a .  The c i t e d  amounts o f  t h e  gases 

HC1,  HF,  CO, and CO2 were der ived  by seve ra l  o the r s .  

Spec t roscopic  measurements of H20 and 02' whose con ten t  was measured by 

Venera-4, are of p a r t i c u l a r  i n t e r e s t .  I n  t h e  papers  published r e c e n t l y ,  [14, 151, 
t h e  va lues  presented f o r  t h e  H20 content  are s i g n i f i c a n t l y  lower than  w a s  pre

v ious ly  communicated - from seve ra l  microns of p r e c i p i t a b l e  w a t e r  i n  a v e r t i c a l  

column t o  30 t o  40 microns. It  w a s  a l s o  discovered t h a t  t h e  H 20 l i n e s  are s i g 

n i f i c a n t l y  s t ronge r  near  t h e  equator  of Venus than  a t  t h e  poles. I t  is postu

l a t e d  t h a t  no t i ceab le  v a r i a t i o n s  may e x i s t  i n  t h e  H 20 con ten t  i n  t h e  atmosphere. 

The upper l i m i t  of  t h e  O2 conten t  w a s  found t o  be 4 x 10-5 C161. The l i n e s  of 

carbon monoxide w e r e  s t u d i e d  i n  t h e  paper [191, which were i n v e s t i g a t e d  wi th  

t h e  h e l p  o f  a Four i e r  spectrometer.  As a r e s u l t ,  it w a s  found t h a t  t h e  t e m 

p e r a t u r e  i n  a cloud i n  a reg ion  of formation of t h e  l i n e s  i s  about 240°K, and 

t h e  CO conten t  r e l a t i v e  t o  C02 amounts t o  4.5 x 10-5 . 
10 



On t h e  whole, t h e  fo l lowing  parameters b e s t  c h a r a c t e r i z e ,  i n  Be l ton ' s  

op in ion  [14], t h e  atmosphere of Venus n e a r  t h e  upper boundary o f  t h e  clouds; 

where 

M i s  t h e  derived amount o f  g a s  i n  c m - a t m  pe r  mean free photon pa th  f o r  

s c a t t e r i n g .  

Recently,  success  h a s  been achieved i n  t h e  spectroscopy o f  p l a n e t s  i n  t h e  -/12 

reg ion  of t h e  vacuum u l t r a v i o l e t .  The spectrum of Venus i n  t h e  reg ion  1200 t o  

1800 x, t aken  wi th  t h e  h e l p  of a rocket spectrometer of low r e s o l u t i o n  from an 

a l t i t u d e  of 157 km above t h e  s u r f a c e  of t h e  e a r t h ,  i s  descr ibed  i n  t h e  paper 

C391-

Recorded i n  t h e  Lyman-0 l i n e ,  t h e  s i g n a l  corresponds t o  t h e  i n t e n s i t y  of 

t h e  r e sonan t ly  s c a t t e r e d  s u n l i g h t  i n  t h e  atmosphere of Venus (of  t h e  o rde r  of 

18 k i l o r a y l e i g h s ) .  A p e c u l i a r i t y  h a s  been de tec t ed  i n  t h e  spectrum nea r  1300 8, 

which i s  i n t e r p r e t e d  as proof of t h e  presence of atomic oxygen i n  t h e  ground 

s t a t e  [0 (3P)] i n  t h e  upper atmosphere of Venus. The albedo of Venus i n  t h e  

long wavelength p a r t  of t h e  recorded s p e c t r a l  i n t e r v a l  w a s  found t o  be  equal t o  

New obse rva t ions  of t h e  dependence of t h e  p o l a r i z a t i o n  of t h e  s u n l i g h t  

s c a t t e r e d  by Venus on wavelength (us ing  a set  of 10 f i l t e r s  i n  t h e  i n t e r v a l  

3400-9900 1) are  descr ibed  i n  t h e  paper [IS]. The dependences of p o l a r i z a t i o n  

on phase angle  f o r  t h e  pe r iod  from Apr i l  1959 t o  January 1968 and f o r  phase 

ang le s  from 7" t o  160" are  given i n  t h i s  paper. N e a r  t h e  q u a r t e r  phase t h e  

d i s t r i b u t i o n  of p o l a r i z a t i o n  along t h e  d i s k  of t h e  p l ane t  w a s  observed as a 

func t ion  o f  wavelength. 

The r e s u l t s  o f  a l a r g e  number of p h o t o e l e c t r i c  obse rva t ions  of t h e  phase 

dependence o f  t h e  r e f l e c t i v i t y  of Venus i n  narrow s p e c t r a l  i n t e r v a l s  i n  t h e  

range from 3150 t o  10,600 1 w e r e  genera l iz6d  by I r v i n e  [301. I n  a d d i t i o n  t o  

t h e  phase curves,  t h e  dependence of t h e  sphe r i ca l  albedo on wavelength is 

presented  [3O]. The r ad iomet r i c  albedo w a s  found t o  be  equal t o  0.77 -I 0.07. 
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New d a t a  on t h e  dynamics o f  c louds  w e r e  ob ta ined  by Do l l fus  [20] from an 

a n a l y s i s  of s equen t i a l  photographs of Venus i n  t h e  u l t r a v i o l e t .  These d a t a  

i n d i c a t e  t h e  presence o f  motions s i m i l a r  t o  coun te r - ro t a t ion  wi th  a per iod  of 

f o u r  days and t h e  fact  t h a t  t h e  c louds  c o n s i s t  p re fe rab ly  no t  o f  hard dus t  bu t  

o f  p a r t i c l e s  capable  o f  condensing and vaporizing. 

Resu l t s  Obtained wi th  t h e  Help of Venera-5 and yenem-6 S p a c e c r a f t  C71- ._ - ._ _  


The s p a c e c r a f t s  Venera-5 and Venera-6, s i m i l a r  i n  c o n s t r u c t i o n  and equip

ment, w e r e  launched January 5 and 10, 1969 and en te red  t h e  atmosphere of Venus 

on May 16 and 17, r e spec t ive ly .  The main t a s k  of t h e s e  s p a c e c r a f t  w a s  s i m i l a r  

t o  t h a t  which Venera-4 had. S ince  t h e  Venera-4 spacec ra f t  d i d  not  reach t h e  

s u r f a c e ,  t h e  appara tus  r e l e a s e d  by t h e  Venera-5 and Venera-6 spacec ra f t  w e r e  

s i m p l i f i e d  as much as p o s s i b l e  and could ope ra t e  t o  a p re s su re  of 25-27 a t m .  

The po in t  o f  e n t r y  of t h e  spacec ra f t  i n t o  t h e  atmosphere of Venus w a s  l oca t ed  

on t h e  n ight t ime s i d e  of t h e  p l ane t  a t  a d i s t a n c e  of about 2700 km from t h e  

te rmina tor .  I n  connection wi th  t h e  fact  t h a t  t h e  po in t  of e n t r y  of t h e  space

c raf t  w a s  s i t u a t e d  f u r t h e r  from t h e  t e rmina to r  and t h e  po in t  of e n t r y  o f  Venera-4 

t h e  sha rp  change i n  plasma c u r r e n t s  a s soc ia t ed  wi th  t h e  i n t e r a c t i o n  o f  t h e  s o l a r  

wind wi th  Venus w a s  expected a t  t h e  l a r g e r  d i s t ance .  
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The magnetic and ion  measurements confirmed t h i s  assumption, having f i x e d  

t h e  f r o n t  of t h e  change i n  plasma c u r r e n t s  a t  a d i s t a n c e  of 3000 km. 

The measurements of t h e  s c a t t e r e d  u l t r a v i o l e t  r a d i a t i o n  aga in  c l e a r l y  

e s t a b l i s h e d  t h e  presence of a. hydrogen corona. The concen t r a t ion  of hydrogen 

atoms a t  a d i s t ance  of 10,000 km from t h e  c e n t e r  w a s  equal t o  100 c m  , i.e.,-3 


2 t i m e s  l a r g e r  than during t h e  Venera-4 f l i g h t ,  

Devices f o r  measurements of t h e  composition, p re s su re ,  temperature,  dens i ty ,  

and i l l umina t ion  w e r e  mounted on t h e  descent appara tus  of t h e  Venera-5 and 

Venera-6 spacec ra f t .  The composition, p ressure ,  and tempera ture  were measured 

by devices  s imi l a r  t o  those  which were used on Venera-4. A d i f f e r e n t  device  w a s  

used f o r  t h e  measurement of d e n s i t y ;  i t s  p r i n c i p l e  of ope ra t ion  w a s  based on 

t h e  dependence o f  t h e  amplitude of t h e  v i b r a t i o n s  of a tun ing  f o r k  on t h e  

d e n s i t y  of t h e  surrounding medium. 

P h o t o e l e c t r i c  d e t e c t o r s  record ing  r a d i a t i o n  i n  t h e  v i s i b l e  and nea r - in f r a red  
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reg ion  of t h e  spectrum wi th  a th re sho ld  s e n s i t i v i t y  of 0.5 w a t t / m  w e r e  used 

f o r  t h e  i l l u m i n a t i o n  measurements. 

Composition w a s  measured t w i c e  by each of t h e  s p a c e c r a f t :  a t  l e v e l s  wi th  

a p res su re  of 0.6 and 5 a t m  and a temperaturesof 25' and 1 5 O o C ,  r e s p e c t i v e l y ,  

by Venera-5 and a t  l e v e l s  wi th  a p res su re  of 1 and 10 a t m  and a temperature of 

60" and 225°C by Venera-6. According t o  t h e s e  da t a ,  t h e  amount o f  carbon 

d ioxide  gas  i n  t h e  atmosphereofVenus amounts t o  93-97%, t h e  amount of n i t rogen  

along wi th  t h e  i n e r t  gases amounts t o  2-5%, and t h e  amount of w a t e r  vapor a t  a 

l e v e l  wi th  a p re s su re  of 0.6 a t m  equa ls  from 4 t o  11 m g / l ,  which is i n s u f f i c i e n t  

f o r  s a t u r a t i o n  a t  t h i s  l e v e l .  

The range o f  measurements of t h e  pressure ,  dens i ty ,  and temperature cor re

sponded approximately t o  a p re s su re  measurement from 0.5 t o  27 a t m  and a t e m 

p e r a t u r e  from 25" t o  320°C and comprised 36 km f o r  t h e  Venera-5 spacec ra f t  and 

38 km f o r  t h e  venera-6 spacec ra f t .  These he ight  ranges o f  t h e  measurements w e e  

ob ta ined  by t h r e e  methods which are  independent of one another :  from t h e  hydro

s t a t i c  equat ion ,  from t h e  equat ion  of t h e  descent of t h e  appa ra tus  by parachute,  

and from t h e  d i f f e r e n c e  i n  h e i g h t s  e s t a b l i s h e d  by r a d a r  altimeters. All t h r e e  

methods g ive  r e s u l t s  which agree wi th  one another. The a l t i t u d e s  recorded by 

t h e  r a d a r  a l t imeters  on t h e  Venera-5 and Venera-6 s p a c e c r a f t  a t  l e v e l s  w i th  one 

and t h e  same p res su re  and temperature d i f f e r  from one another ,  according t o  t h e  

pre l iminary  d a t a ,  by 12-16 km. It i s  assumed t h a t  t h i s  i s  a s soc ia t ed  wi th  s i g 

n i f i c a n t  i r r e g u l a r i t i e s  i n  t h e  r e l i e f  of t h e  s u r f a c e  of Venus. 

I n  t h e  case o f  an a d i a b a t i c  change i n  t h e  temperature from t h e  l e v e l  w i th  114 

a p res su re  of 27 a t m  t o  t h e  l e v e l  determined by t h e  alt imeters,  t h e  p re s su re  

and temperature n e a r  t h e  s u r f a c e  would be  60 a t m  and 4OO0C according t o  t h e  

a l t imeter  d a t a  o f  Venera-6 and 140 a t m  and 5 3 0 ° C  according t o  t h e  Venera-5 

a l t i m e t e r  data.  

The p h o t o e l e c t r i c  d e t e c t o r s  d i d  no t  record i l l u m i n a t i o n s  above t h e  th re sho ld  

va lue  of 0.5 w a t t s / m 2 ,  wi th  t h e  exception o f  a s i n g l e  reading  o f  t h e  d e t e c t o r  on 

Venera-5, corresponding t o  a l e v e l  of i l l umina t ion  of around 25 w a t t s / m z ;  how

ever ,  it is  not  clear whether t h i s  reading corresponds t o  an a c t u a l  phenomenon 

o r  whether it is  acc iden ta l .  



Comparison of t h e  Experimental D a t a  . . - - _ _ 

The experimental d a t a  obta ined  r e c e n t l y  agree wi th  each o t h e r  as fo l lows:  

1) t h e  atmosphere o f  Venus c o n s i s t s  o f  more than  90% carbon d iox ide  g a s ;  

2 )  t h e  temperature and p r e s s u r e  nea r  t h e  s u r f a c e  reach ,  ev iden t ly ,  

approximately 700" K and 100 a t m ,  r e s p e c t i v e l y ;  

3 )  t h e  upper atmosphere of Venus i s  comparatively poor i n  atomic oxygen. 

O f  t h e  experimental disagreements a t  hand, t h e  most important i s  t h e  

d i f f e r e n c e  i n  t h e  02 and H20 c o n t e n t s  determined from ground-based spec t roscop ic  

obse rva t ions  and from t h e  d a t a  o f  t h e  d i r e c t  measurements by t h e  Venera-4, 

Venera-5, and Venera-6 spacec ra f t .  The estimate o f  t h e  amount of 0
2 

obta ined  

wi th  t h e  h e l p  of Venera-4 i s  l a r g e r  by two o r d e r s  of magnitude than  t h e  spec t ro

scopic  estimate. The d a t a  obta ined  wi th  t h e  h e l p  of t h e  l a t e r  spacec ra f t  g ive  

on ly  an upper l i m i t  o f  t h e  conten t  (less than  0.4%), which i s  somewhat c l o s e r  t o  

t h e  spec t roscopic  r e s u l t s ;  however, t h e  ques t ion  n e v e r t h e l e s s  remains open. 

The r e s u l t s  of t h e  measurements of t h e  H20 con ten t  by t h e  t h r e e  Sovie t  spacec ra f t  

agree wi th  one another ,  bu t  t hey  presuppose an amount of w a t e r  vapor la rger  by 

an o r d e r  of magnitude than  t h a t  which t h e  spec t roscop ic  d a t a  ind ica t e .  Th i s  

d i f f e r e n c e  i s  p a r t i c u l a r l y  important from t h e  po in t  of view t h a t  t h e  s p e c t r a l  

d a t a  on H
2
0 c o n t r a d i c t  t h e  i c e  hypothes is  of t h e  c louds ,  and t h e  d i r e c t  measure

ments do not .  Another s u f f i c i e n t l y  s e r i o u s  disagreement i s  as soc ia t ed  wi th  t h e  

l a r g e  d i f f e r e n c e  i n  h e i g h t s  of t h e  i s o b a r i c  l e v e l s ,  which, according t o  t h e  

a l t i m e t e r  d a t a  of t h e  Venera-5 and Venera-6 spacec ra f t  amounts t o  12-16 km. 

The ground-based r a d a r  d a t a  do not  r evea l  such a l a rge  nonunifonnity i n  t h e  

re l ie f  of t h e  su r face  of Venus. Because o f  t h i s  disagreement, t h e  ques t ion  of 

t h e  average p res su re  and temperature nea r  t h e  s u r f a c e  remains r a t h e r  unc lear .  

The ques t ion  of t h e  q u a n t i t a t i v e  estimate of t h e  amount of oxygen i n  t h e  

upper atmosphere i s  a l s o  r a t h e r  u n c l e a r  because of t h e  c o n t r a d i c t i o n  i n  t h e  re

s u l t s  of t h e  measurements of s c a t t e r e d  sun l igh t  i n  t h e  oxygen l i n e s  nea r  1300 i 115 
obta ined  by t h e  i n t e r p l a n e t a r y  spacec ra f t  and on t h e  rocke t  experiment of Moose, 

. e t  a l .  [391. The r e s u l t s  o f  t h e  rocket measurements confirm a s i g n i f i c a n t l y  

l a r g e r  th i ckness  o f  atomic hydrogen than  i s  i n d i c a t e d  by t h e  Venera-4 and 

Mariner-5 data.  
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2. R e s u l t s  o f  Theore t ica l  I n v e s t i g a t i o n s- . .  ~ -

Thermal S t r u c t u r e  of ..-t h e_ _Lower Atmosphere
- ._ -

The temperature  p r o f i l e s  i n  t h e  lower atmosphere of  Venus have been cal

c u l a t e d  i n  many papers  applying va r ious  methods and assumptions. However, up 

u n t i l  t h i s  t i m e  even t h e  ques t ion  of whether t h e  greenhouse effect main ta ins  t h e  

observed temperatures  near t h e  s u r f a c e  remains r a t h e r  unclear .  The d i f f i c u l t i e s  

are a s soc ia t ed  wi th  t h e  lack of  information i n  t h e  first p lace  on t h e  micro-

phys ica l  (concent ra t ions  and d i s t r i b u t i o n s  by s i z e )  and t h e  o p t i c a l  (absorp t ion  

c o e f f i c i e n t s  and s c a t t e r i n g  i n d i c a t r i c e s )  c h a r a c t e r i s t i c s  of  t h e  Cytherean 

ae roso l ,  and i n  t h e  second p lace  about t h e  s t r u c t u r e  of absorp t ion  s p e c t r a  i n  

t h e  i n f r a r e d  reg ion  a t  h igh  p res su res  and temperatures.  The first is important 

f o r  accu ra t e  c a l c u l a t i o n s  of t h e  t r a n s f e r  of s o l a r  r a d i a t i o n ,  and t h e  second is  

important i n  an i n v e s t i g a t i o n  of t h e  p r o b a b i l i t y  of f i l l i n g  i n  t h e  windows of 

t ransparency  i n  a thermal spectrum. 

For  t h e s e  reasons,  t h e  c a l c u l a t i o n s  [5, 9,  231 i n  which high temperatures  

nea r  t h e  su r face  w e r e  ob ta ined  i n  s p e c i f i c  bu t  a r b i t r a r i l y  def ined  models of 

t h e  absorbing material of t h e  atmosphere do not  answer s u f f i c i e n t l y  t h e  ques t ion  

of t h e  real  mechanisms o f  t ransformat ion  of e lectromagnet ic  r a d i a t i o n  and t h e  

r o l e  of t h i s  r a d i a t i o n  i n  t h e  c r e a t i o n  of t h e  observed tempera tures  of t h e  lower 

atmosphere of  Venus. Samuelson [451 approached t h i s  problem d i f f e r e n t l y .  H e  

i n i t i a l l y  t r i e d  t o  determine t h e  o p t i c a l  p r o p e r t i e s  and t h e  v e r t i c a l  s t r u c t u r e  

o f  t h e  aerosol  medium from d a t a  on t h e  limb darkening of Venus i n  t h e  reg ion  

8-14 microns, and then  he d iscussed  t h e  r o l e  which t h e  ae roso l  medium p lays  i n  

t h e  c r e a t i o n  of t h e  greenhouse e f f e c t .  The r e s u l t  w a s  t h a t  t h e  lower atmosphere 

has  an o p t i c a l  d e n s i t y  i n  t h e  reg ion  8-14 microns equal t o  2 and t h a t  t h e  carbon 

d ioxide  g a s  w a s  r e spons ib l e  f o r  on ly  20% t o  30% of t h i s  amount and t h e  remainder 

s p e c i f i e s  t h e  aerosol .  The ae roso l  medium, f o r  which t h e  albedo f o r  s i n g l e  

I 	 s c a t t e r i n g  i n  t h e  i n f r a r e d  reg ion  is s i g n i f i c a n t l y  less  than  i n  t h e  v i s i b l e  

reg ion  of  t h e  spectrum, can  produce a l a r g e  greenhouse e f f e c t .  However, t h e  

4 	 c a l c u l a t i o n s  of  Samuelson [451 showed t h a t  a high temperature  (725" K )  i s  

reached only  a t  t h e  subso la r  po in t  a t  t h e  same t i m e  as t h e  average e q u a t o r i a l  

temperature ,  i s  507O K and t h e  average over  t h e  e n t i r e  p l ane t  is only  480" K. 

Hansen and Matsushima [25] i n t e r e s t i n g l y  a r r i v e d  a t  an 'explanat ion of t h e  

high temperature.  They d iscussed  t h e  ques t ion  of t h e  amount of dus t  i n  t h e  
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atmosphere o f  Venus, which i n  the  presence o f  an i n t e r n a l  source  of h e a t  of -/16 
t h e  same magnitude as on t h e  e a r t h ,  could maintain t h e  observed tempera tures  

o f  t h e  sur face .  It appeared t h a t  f o r  t h i s  an ae roso l  o p t i c a l  t h i c k n e s s  o f  t h e  

o r d e r  o f  lo5 i s  necessary.  It  i s  d i f f i c u l t  t o  imagine a phys ica l  mechanism 

which could maintain i n  a suspended s ta te  such an amount of dus t  i n  t h e  case of 

such a s m a l l  hea t  f l u x  and, consequently,  weakly-developed convection. 

Theore t i ca l  c a l c u l a t i o n s  o f  t h e  temperature p r o f i l e  above t h e  c louds  corre

spond b e t t e r  t o  t h e  a c t u a l  l e v e l s  because of t h e  presence of d a t a  on t h e  o p t i c a l  

c h a r a c t e r i s t i c s  o f  t h i s  region. Such c a l c u l a t i o n s  have been r e c e n t l y  c a r r i e d  

ou t  i n  t h e  papers [12, 23, 361. 

The paper o f  Bartko and H a n e l  [ l 2 ] ,  al though based on outda ted  d a t a  on t h e  

composition, con ta in  i n t e r e s t i n g  deductions about t h e  e f f e c t  of va r ious  f a c t o r s  

on t h e  temperature p r o f i l e  above t h e  clouds. It w a s  found t h a t  t h e  main f a c t o r s  

a f f e c t i n g  t h e  temperature are t h e  composition and cloud s t r u c t u r e .  Fac to r s  such 

as t h e  r a d i a t i v e  e f f i c i e n c y  o f  t h e  cloud, t h e  r e f l e c t i v i t y  i n  t h e  reg ion  1-5 

microns, and t h e  l e v e l  of t h e  p re s su re  played a secondary ro l e .  Thei r  deduction 

about t h e  s i g n i f i c a n t  d a i l y  v a r i a t i o n  of temperature above t h e  clouds,  which i s  

caused by t h e  absorp t ion  of s o l a r  r a d i a t i o n  nea r  t h e  i n f r a r e d  bands o f  CO
2' 

is  

a l s o  an i n t e r e s t i n g  r e s u l t .  

I n  t h e  paper o f  Fabian, e t  a l .  [231, t h e  daytime and n ight t ime v e r t i c a l  

temperature d i s t r i b u t i o n s  are computed f o r  va r ious  l a t i t u d e s  i n  t h e  range of 

p re s su re  v a r i a t i o n  from a va lue  of 0.0598 mb, assumed a t  t h e  upper boundary f o r  

a l l  l a t i t u d e s ,  t o  an assumed sur face .  The c a l c u l a t i o n s  w e r e  c a r r i e d  out  by means 

o f  numerical i n t e g r a t i o n  of t h e  equation of thermal  ba lance  over l a y e r s  ( t h e  

atmosphere w a s  d iv ided  i n t o  40 l a y e r s )  and over t i m e ,  from some i n i t i a l  tempera

t u r e  d i s t r i b u t i o n  t o  t h e  achievement of a s t a b l e  condi t ion .  The temperature 

and p res su re  p r o f i l e s  ob ta ined  as a r e s u l t  f o r  t h e  reg ion  below t h e  upper 

boundary of t h e  c louds  s c a r c e l y  corresponds t o  r e a l i t y  because o f  t h e  d i f f i 

c u l t i e s  i nd ica t ed  above i n  t h e  assignment of r e a l i s t i c  o p t i c a l  c h a r a c t e r i s t i c s .  

For t h e  region above t h e  c louds  t h e  c a l c u l a t e d  p r o f i l e s  can be  considered as 

more r e a l i s t i c ,  which is a l s o  ind ica t ed  by t h e  good agreement with t h e  

temperature d a t a  of Mariner-5. 
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The Nature of t h e  Clouds 

Information on t h e  n a t u r e  of t h e  clouds can be obtained from a n a l y s i s  of 

v i s u a l  observa t ions ,  phase curves,  po la r i za t ion ,  r e f l e c t i o n  spec t r a ,  and in

f r a r e d  limb darkening. D i r e c t  measurements of t h e  gaseous c o n s t i t u t i o n  of t h e  

atmosphere and ground-based spec t roscopic  measurements of t h e s e  parameters are 

t h e  most va luable  data .  However, i t  is not c l e a r  as of t h i s  t ime what t h e  

c louds  c o n s i s t  of .  And even t h e  ques t ion ,  more widely discussed i n  t h e  press ,  

as t o  whether t h e  cloud p a r t i c l e s  are i c e ,  remains unse t t l ed .  

Arguments t o  t h e  e f f e c t  t h a t  t h e  clouds c o n s i s t  of i c e  p a r t i c l e s  have been 

presented i n  t h e  papers [8, 11, 26, 27, 421. Obukhov and Gol i t syn  [ 8 ] ,  ext ra 

po la t ing  upwards t h e  da t a  of Venera-4, found t h a t  t h e  water  vapor pressure  be

comes equal t o  t h e  s a t u r a t e d  vapor pressure  over i c e  i n  an i n t e r v a l  of p re s su re  

v a r i a t i o n  of approximately 150-35 mb and thus  t h e  thicknessoof  t h e  i c e  c louds 

can amount t o  7-8 km. 

Arking and P o t t e r  [ll] compared t h e  experimental phase curves of Venus 

wi th  t h e o r e t i c a l  ca. c u l a t i o n s  f o r  var ious  models of a cloud. They found t h a t  

c louds  s i m i l a r  t o  t h e  t e r r e s t r i a l  ones, which conta in  sphe r i ca l  w a t e r  o r  i c e  

p a r t i c l e s  wi th  a r ad ius  of about 4 microns, a r e  completely cons i s t en t  wi th  t h e  

phase curves  observed i n  t h e  v i s i b l e  region of t h e  spectrum with t h e  except ion 

of t h e  p a r t  of t h e  curve r e f e r r i n g  t o  phase angles  from O o  t o  50". However, 

s i n c e  t h e  observa t ions  f o r  t h e s e  va lues  of phase angle  a r e  comparatively r a r e  

and of i n s u f f i c i e n t  accuracy, t h i s  disagreement cannot be properly resolved 

u n t i l  b e t t e r  experimental d a t a  i s  obtained. On t h e  whole, a comparison of t h e  

-/17 


experimental  phase curves  wi th  va r ious  models of t h e  s c a t t e r i n g  cloud l a y e r  per

mi t ted  t h e  conclusion t h a t  t h e  cloud p a r t i c l e s  a r e  t r anspa ren t  i n  t h e  v i s i b l e  

reg ion  of t h e  spectrum and t h a t  t h e i r  index of r e f r a c t i o n  should have a real 

p a r t  w i th in  t h e  l i m i t s  1.33 < n C 1.7 and an imaginary p a r t  k Such 

an index of r e f r a c t i o n  i s  possessed not only by ice but  by many o t h e r  substances.  

Hansen and Cheney [26] c a r r i e d  out t h e o r e t i c a l  c a l c u l a t i o n s  of t h e  re

f l e c t i v i t y  o f  i c e  c louds i n  t h e  near - inf ra red  region of  t h e  spectrum f o r  t h e  

purpose of determining t h e  dependence of t h e  absorp t ion  p e c u l a r i t i e s  of t h e s e  

c louds  on t h e  o p t i c a l  t h i ckness  and t h e  s i z e s  of t h e  ice p a r t i c l e s .  Having 

compared t h e  c a l c u l a t i o n s  wi th  t h e  experimental ly  observed r e f l e c t i v i t y  of 
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Venus, t h e y  concluded t h a t  t h e  c louds  on Venus cannot be  o p t i c a l l y  t h i c k  ice  

clouds. However, o p t i c a l l y  t h i n  ice  c louds  ( T *  5-10) w i t h  a p a r t i c l e  r a d i u s  of 

1 micron are c o n s i s t e n t  wi th  t h e  experimental d a t a  w i t h i n  t h e  l i m i t s  o f  t h e  

obse rva t iona l  e r r o r s .  A later comparison of t h e o r e t i c a l  c a l c u l a t i o n s  w i t h  the 

d a t a  o f  l a b o r a t o r y  obse rva t ions  of t h e  r e f l e c t i v i t y  of ice  c louds  confirmed 

t h i s  conclusion [27]. But t h e  observed p e c u l i a r i t i e s  i n  t h e  r e f l e c t i o n  s p e c t r a  

o f  Venus can be, g e n e r a l l y  speaking, a s soc ia t ed  wi th  a combination of va r ious  

absorbing and s c a t t e r i n g  p r o p e r t i e s  of t h e  c louds  and t h e  atmosphere above them 

and t h e r e f o r e  p o s i t i v e l y  e s t a b l i s h e s  from t h e  r e f l e c t i o n  s p e c t r a  t h a t  t h e  c louds  

are ice,  and it  does no t  s e e m  p o s s i b l e  t h a t  t hey  are made o f  another  substance. 

The po in t  of view t h a t  i c e  cannot be  t h e  cloud material w a s  expressed i n  

t h e  papers [15, 17, 441. Belton et a l a  E151 assume t h a t  t h e  spec t roscopic  

d a t a  on t h e  p re s su re ,  temperature,  and amount of w a t e r  vapor are i n c o n s i s t e n t  -/18 

wi th  i c e  clouds. I n  o r d e r  t h a t  w a t e r  vapor be  s a t u r a t e d  over  ice, it is  neces

s a r y  t h a t  t h e  p re s su re  be 100 t i m e s  greater o r  t h a t  t h e  temperature be less by 

57" K than those  which fo l low from an a n a l y s i s  of t h e  spec t r a .  Such a discrepancy 

i s  d i f f i c u l t  t o  remove by an improvement of t h e  method o f  observa t ion  and t h e  

reduct ion .  The assumption t h a t  t h e  a i r  above t h e  c louds  i s  s i g n i f i c a n t l y  d r i e r  

i s  useless i n  t h e  p re sen t  case, since t h e  H20 l ines  are formed w i t h i n  a cloud. 

Coffeen [ l 7 ]  c a r r i e d  ou t  a comparison of h i s  own p o l a r i z a t i o n  obse rva t ions  

wi th  c a l c u l a t i o n s  for v a r i o u s  s c a t t e r i n g  mechanisms. I t  tu rned  out  t h a t  spher

i ca l  p a r t i c l e s  having s m a l l  absorp t ion  i n  t h e  v i s i b l e  p a r t  of t h e  spectrum b e s t  

s a t i s f y  t h e  observa t ions .  The real p a r t  of t h e i r  index o f  r e f r a c t i o n  is in

cluded wi th in  t h e  l i m i t s  1.43-1.55, and t h e i r  mean d iameter  is 2.5 k 0.5 microns. 

Such a va lue  o f  t h e  index o f  r e f r a c t i o n  excludes s p h e r i c a l  ice  p a r t i c l e s  from 

t h e  c lass  o f  p o s s i b l e  c loud  p a r t i c l e s .  The t o t a l i t y  of d a t a  .on t h e  spec t ro

scop ic  upper l i m i t s  of  t h e  con ten t  o f  g a s e s ,  t h e  thermodynamic p o s s i b i l i t y  of 

formation o f  a l i q u i d  phase, and t h e  r e f r a c t i v e  index of t h e  material p r a c t i c a l l y  

excludes t h e  p o s s i b i l i t y  of t h e  existence on Venus of a l i q u i d  cloud. Hard par

t i c l e s  of i r r e g u l a r  shape can ,  gene ra l ly  speaking, have a r e f r a c t i v e  index which 

exceeds t h e  ind ica t ed  l i m i t s .  I t  i s  d i f f i c u l t  t o  o b t a i n  information about such 

p a r t i c l e s  because o f  t h e  absence of d e t a i l e d  s c a t t e r i n g  models. 
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R e a  and O'Leary [ 4 4 ]  d id  a semiquant i ta t ive  a n a l y s i s  of t h e  s p e c t r a  of  

Venus i n  t h e  range 1.4 p, < A < 3.4  p, and showed t h a t  t h e  absorp t ion  near  1.5 
and 2 p is as soc ia t ed  no t  wi th  t h e  c louds  but  wi th  CO2' From t h i s  they  con

cluded t h a t  i n  a d d i t i o n  t o  a minimum of  t h e  r e f l e c t i v i t y  nea r  3 p ,  t h e  wide-

band absorp t ion  p e c u l i a r i t i e s  a n t i c i p a t e d  f o r  ice  i n  t h e  near - inf ra red  reg ion  

of t h e  spectrum, p a r t i c u l a r l y  a t  1.5 and 2 p,, are absent.  On t h e  b a s i s  of  

t h e  fact  t h a t  t h e  i n t e n s i t y  of t h e  absorp t ion  bands a t  1.5 and 2 p, decreases  

with a decrease i n  t h e  p a r t i c l e  s izes ,  R e a  and O'Leary concluded t h a t  e i t h e r  ice 

c r y s t a l s  are not  t h e  main scatterers of i n f r a r e d  r a d i a t i o n  o r  t h e i r  s i z e s  are 

less than  1 p, and even less perhaps than  0.1 p,. Since  t h e  ex i s t ence  of a l a r g e  

amount of such amount of such p a r t i c l e s  i s  improbable from t h e  poin t  of view of 

t h e  physics  of  t h e  clouds,  t h e  c louds  on Venus should not c o n s i s t  o f  ice. How

ever ,  as w a s  shown i n  t h e  papers  [ 2 7 ,  4 2 1 ,  t h i s  conclusion i s  not  s u f f i c i e n t l y  

r igorous.  The assumptions w e r e  expressed t h a t ,  bes ides  i c e ,  t h e  clouds can 

c o n s i s t  of S i 0  NaC1,  C
3 
0 MgCO

3' 
NH

4 
C 1  and o thers .  In  t h i s  connection,

2' 2' 
a t t e n t i o n  should be given t o  L e w i s '  r e s u l t  [ 3 4 ] ,  which showed t h a t  many v o l a t i l e  

materials can be present  i n  t h e  atmosphere of Venus because of t h e  high temper- /19 
a t u r e s  and pressure  nea r  t h e  sur face .  Many of t h e s e  materials have a r e f r a c t i v e  

index corresponding t o  t h e  l i m i t s  which fol low from t h e  p o l a r i z a t i o n  and phase 

curve observat ions.  Concerning t h e  physical  s t r u c t u r e  of t h e  clouds,  t h e  d a t a  

a t  hand agree i n  t h a t  t h e  cloud p a r t i c l e s  have s i z e s  of t h e  o rde r  of s eve ra l  

microns and t h e  c louds  themselves c o n s t i t u t e  a r a t h e r  t r anspa ren t  haze. The 

l i m i t  of  v i s i b i l i t y  ev iden t ly  exceeds 10 km. 

~-The Upper Atmosphere 

One can d i s t i n g u i s h  f i v e  major problems i n  contemporary i n v e s t i g a t i o n s  

connected with t h e  atmosphere of Venus: 

1) t h e  composition of t h e  upper atmosphere and t h e  processes  c o n t r o l l i n g  i t ;  

2) i ts  thermal s t r u c t u r e ;  

3 )  t h e  daytime ionosphere and t h e  processes  i n  i t ;  

4 )  t h e  mechanism of formation of t h e  n ight t ime ionosphere;  

5)  t h e  problem of i n t e r p r e t a t i o n  of t h e  Lyman-QJ measurements by 

Mariner-5. 
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The ques t ion  of  t h e  mechanism of recombination of  CO
2 

is of  c e n t r a l  

importance i n  t h e  first problem. U n t i l  t h e  measurements by Venera-6 and 

Mariner-5 it w a s  assumed t h a t  C02 should d i s s o c i a t e  i n  t h e  atmosphere under 

t h e  in f luence  of  r a d i a t i o n  wi th  1 e 1700 and i n  v i e w  of  t h e  extremely 's low 

normal recombination due t o  t e r n a r y  c o l l i s i o n s ,  i ts  r e l a t i v e  moun t  should 

decrease  r a t h e r  r a p i d l y  wi th  he igh t ,  and t h e  amount o f  0 and CO should in

crease. However, t h e  absence of no t i ceab le  emission i n  t h e  l i n e s  of  atomic 

oxygen near 1300 1, which w a s  discovered by t h e  d e t e c t o r s  of Venera-4 and 

Mariner-5, presupposes t h a t  t h e  upper atmosphere of  Venus is poor i n  atomic 

hydrogen and t h i s  f o r c e s  a search  f o r  some new CO2 recombination mechanisms 

which are more r ap id  and bimolecular  i n  t h e i r  na ture .  It is a l s o  necessary  

to d i scuss  c o r r e c t l y  t h e  effect of molecular and t u r b u l e n t  d i f f u s i o n s  upon 

t h e  d i s t r i b u t i o n  of CO
2' 

CO, and 0. McElroy [361 concluded, on t h e  b a s i s  of  

t h e  r e s u l t s  of  K u r t ' s  measurements [33], t h a t  d i f f u s i o n  should not p lay  an i m 

po r t an t  r o l e  and t h e  recombination of CO2 occurs  i n  t h e  same p lace  as t h e  

photodissoc ia t ion ,  by means of t h e  following mechanism, which inc ludes  t h e  

formation of an i n t e rmed ia t e  r a d i c a l  CO* :
3 

CO, +hv 40(ID) +CO, 

0 (ID) +CO, -CO; , 

co; +co 42c0,. 

However, Donahue [ 2 l ]  c o r r e c t l y  noted two d i f f i c u l t i e s  i n  t h e  acceptance 

of  such a scheme. One of them i s  t h a t  with t h e  requi red  r a t e  of flow of t h e  -/20 

r e a c t i o n s ,  t h e  l i f e t i m e  of t h e  uns t ab le  r a d i c a l  CO* must be t o o  l a r g e  (greater3 
than  20 seconds).  The o t h e r  d i f f i c u l t y  is as soc ia t ed  wi th  f a i l u r e  t o  t a k e  i n t o  

1account t h e  quenching of 0 ( D) i n  c o l l i s i o n s  wi th  C02, which can be s i g n i f i 

c a n t l y  more e f f e c t i v e  than  t h e  chemical reac t ion .  The neg lec t  by McElroy of 

d i f f u s i o n  a l s o  s e e m s  i n s u f f i e n t l y  j u s t i f i e d .  

There w e r e  a l s o  proposed schemes of t h e  recombination of C02 which inc lude  

r e a c t i o n s  with hydrogen compounds. The r e s u l t i n g  r e a c t i o n  of a recombination i n  , 

them i s  
L co - 1 .  01-1 co, --I- I I .  

( 4 )  

The most fundamental ob jec t ion  t o  such schemes c o n s i s t s  of  t h e  fact  t h a t  

t hey  r e q u i r e  ra tes  of  formation of H atoms equal a t  least  t o  t h e  ra te  of  photo
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11 -2 -1
d i s s o c i a t i o n  of CO

2' 
i.e., 2 x 10 atoms c m  sec  . But t h i s  i s  completely 

i n c o n s i s t e n t  wi th  t h e  observed concen t r a t ions  of hydrogen i n  t h e  upper atmos

phere of Venus. 

Donahue [ Z l ]  a l s o  proposed t h e  p o s s i b i l i t y  of t h e  e x i s t e n c e  of a two-stage 

mechanism c o n s i s t i n g  of an i n i t i a l  recombination of 0 i n t o  02 and (after t h e  

t r a n s f e r  o f  t h e  mixture of CO and 02 i n t o  denser l a y e r s )  i n  a f i n a l  c a t a l y t i c  

recombination of CO and 02 i n t o  C02. A q u a n t i t a t i v e  a n a l y s i s  of t h i s  scheme is 

d i f f i c u l t  s i n c e  it r e q u i r e s  a s i g n i f i c a n t  number of d a t a  which are lacking  a t  

t h e  present  t i m e .  

The effect of t u r b u l e n t  and molecular d i f f u s i o n  on t h e  n e u t r a l  and ion ized  

composition o f  t h e  atmosphere f o r  va r ious  i n i t i a l  models and f o r  mechanisms of 

recombination s i m i l a r  t o  t h e  terrestrial  ones w a s  d i scussed  i n  t h e  paper [ 4 7 ] .  

I n  i t ,  a conclusion w a s  drawn concerning t h e  l a rge  e f f e c t ,  by comparison wi th  

t h e  e a r t h ,  o f  t h e  dynamics of t h e  lower atmosphere on t h e  d i s t r i b u t i o n  of t h e  

n e u t r a l  components i n  t h e  d i s s o c i a t i o n  region. A comparison of t h e  computed 

e l e c t r o n  p r o f i l e s  wi th  t h o s e  measured by Mariner-5 a l s o  l e d  t o  t h e  conclusion 

t h a t  t h e r e  e x i s t s  a d e f i c i t  of 0 atoms i n  t h e  upper atmosphere of Venus. 

On t h e  whole, t h e  problem of t h e  composition of t h e  upper atmosphere of 

Venus remains, t o  a l a r g e  e x t e n t ,  indeterminate.  

The problem of t h e  thermal s t r u c t u r e  cannot be c o r r e c t l y  posed without 

knowledge of t h e  composition of t h e  atmosphere. Therefore,  a l l  t h e  c a l c u l a t i o n s  

c a r r i e d  ou t  r e c e n t l y  bea r  a model n a t u r e ,  i .e. ,  t hey  a r e  based on a pre l iminary  

assignment of a model f o r  t h e  composition of t h e  atmosphere. The s imples t  such 

model i s  an atmosphere c o n s i s t i n g  o f  100%COz. For such a model, McElroy C361 

d iscussed  t h e  equat ion  of thermal  ba lance  i n  which he  took  i n t o  account mole

c u l a r  thermal conduc t iv i ty ,  p a r t  of t h e  u l t r a v i o l e t  and nea r - in f r a red  s o l a r  

r a d i a t i o n ,  t h e  conversion i n t o  h e a t  a t  t h e  s i t e  of t h e  absorp t ion ,  and t h e  in-

> 	 t r i n s i c  r a d i a t i o n  of t h e  atmosphere, H e  d i scussed  t h e  hea t ing  e f f i c i e n c y  asso

c i a t e d  wi th  photo ioniza t ion  and t h e  hea t ing  e f f i c i e n c y  a s s o c i a t e d  wi th  photo-

d i s s o c i a t i o n  f o r  c a l c u l a t i o n s  of t h e  hea t ing  a s soc ia t ed  wi th  t h e  absorp t ion  of 

s o l a r  u l t r a v i o l e t  r a d i a t i o n .  The hea t ing  e f f i c i e n c y  a s s o c i a t e d  wi th  photo- -/21 

d i s s o c i a t i o n  w a s  i n v e s t i g a t e d  s e p a r a t e l y  i n  t h e  paper [281, where t h e  energy 

l o s s  rates w e r e  c a l c u l a t e d  i n  d e t a i l  f o r  e l e c t r o n s  i n  t h e  case of c o l l i s i o n s  
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with  0 ,  02, N2, CO, C02,  and A r  p a r t i c l e s .  Then t h e  t o t a l  hea t ing  e f f i c i e n c i e s  

w e r e  determined f o r  va r ious  wavelengths i n  t h e  range from 250 t o  850 1. It 

turned  ou t  t h a t  they  devia ted  s i g n i f i c a n t l y  from t h e  va lue  0.5. In  a d e s c r i p t i o n  

of t h e  hea t ing  a s soc ia t ed  wi th  photodissoc ia t ion ,  McElroy d iscussed  two cases, 
1 

one of which assumed t h a t  t h e  0 ( D) atom which forms as a r e s u l t  o f  photo-

d i s s o c i a t i o n  is deac t iva t ed  a t  t h e  same p lace  and escapes  wi th  only  1.96 e V ;  t h e  
1

o t h e r  case assumes t h a t  t h e  0 ( D )  atom recombines according t o  t h e  scheme (3) 

and escapes wi th  7.4 eV. 

The hea t ing  due t o  t h e  absorp t ion  of nea r - in f r a red  s o l a r  r a d i a t i o n  and t h e  

cool ing  due t o  t h e  i n t r i n s i c  r a d i a t i o n  w e r e  d i scussed  wi th  approximate account 

taken of t h e  e f f e c t s  of v i b r a t i o n a l  r e l axa t ion .  

A s  a r e s u l t  of t h e  numerical i n t e g r a t i o n  of t h e  equat ion  of thermal balance 

and t h e  h y d r o s t a t i c  equat ion,  McElroy obta ined  temperature  p r o f i l e s  T and con

c e n t r a t i o n  p r o f i l e s  n ,  which are depic ted  i n  F igure  5. These p r o f i l e s  correspond 

t o  a hea t ing  e f f i c i e n c y  t ak ing  i n t o  account photo ioniza t ion ,  which i s  equal on 
1

t h e  average t o  0.5, and t h e  case where 0 ( D )  i s  not  deac t iva t ed  but  recombines 
1

with  t h e  escape of 7.4 eV. It  w a s  a l s o  shown t h a t  i f  0 ( D )  i s  deac t iva ted  and 

escapes wi th  only  1.96 e V  of h e a t ,  then  t h e  temperature  of t h e  exosphere w i l l  be  

approximately 30" lower. 

Temaerature. OK 
1003

1 

. I  I --I I .6100pI - I f..-J .L 1 I 
IO I2 14 16 Id 

log of t h e  concent ra t ion ,  

F igure  5. Model of t h e  n e u t r a l  upper atmosphere of Venus. 
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The hea t ing  e f f i c i e n c y ,  t o  which t h e  temperature p r o f i l e s  i n  t h e  thermo- -/22 
sphere are most s e n s i t i v e ,  w a s  a l s o  determined i n  t h e  paper [48] by means of 

empir ical  s e l ec t ion .  On t h e  b a s i s  of t h e  s e l e c t i o n ,  t h e  f a c t  t h a t  t h e  rate 

of decrease of t h e  e l e c t r o n  dens i ty  i n  t h e  upper p a r t  of t h e  ionosphere is 

s e n s i t i v e  t o  t h e  value of t h e  hea t ing  e f f i c i ency ,  w a s  es tab l i shed .  Construct ing 

models of  a n e u t r a l  atmosphere and e l e c t r o n  p r o f i l e s  f o r  var ious  hea t ing  e f f i 

c i enc  es, they s e l e c t e d  t h e  one out  of a l l  of t h e s e  which g ives  t h e  b e s t  agree

ment of  t h e  experimental  and t h e o r e t i c a l  e l ec t ron  concent ra t ion  p r o f i l e s .  Thus, 

t h e  hea t ing  e f f i c i e n c y  for Venus was found t o  be equal t o  0.35 f 0.1. I n  t h e  

paper [Zg], t h e  temperatures  of Venus' exosphere were ca l cu la t ed  f o r  var ious  

hea t ing  e f f i c i e n c i e s  and by a method somewhat d i f f e r e n t  from t h e  one which 

McElroy used. For e f f i c i e n c i e s  of 0.19 and 0.35, temperatures  were found equal 

t o  577" and 7 1 8 0 ~ ,re spec t ive ly ,  which d i f f e r  s i g n i f i c a n t l y  from t h e  r e s u l t s  of 

McElroy i f  it is taken i n t o  account t h a t  t h e  l a t t e r  used a s i g n i f i c a n t l y  l a r g e r  

e f f i c i ency .  

On t h e  whole, it is not poss ib l e  t o  assume t h a t  t h e  a v a i l a b l e  computed 

temperature  p r o f i l e s  a r e  s u f f i c i e n t l y  c l o s e  t o  t h e  temperatures  a c t u a l l y  

e x i s t i n g  i n  t h e  upper atmosphere of Venus. Nevertheless ,  i n  t h e  absence of 

d e t a i l e d  da t a  it is poss ib l e  t o  use  them a s  a f i r s t  approximation. 

Concerning t h e  s t r u c t u r e  of t h e  daytime ionosphere of Venus, i ts main 

p e c u l i a r i t i e s  recorded by Mariner-5 a r e  wel l  explained i f  it i s  assumed t h a t  

t h e  ionosphere r ep resen t s  a l a y e r  of type  F On t h e-I

1 
with C02,  t h e  main ion. 

b a s i s  o f . t h e  r eac t ion  scheme 

-1
with  t h e  d i s s o c i a t i v e  recombination rate cons tan t  equal t o  3.8 x 10-7cm3sec 

McElroy [351 cons t ruc ted  a p r o f i l e  of t h e  e l e c t r o n  concent ra t ion  ( see  Figure 

3, curve 2). This  p r o f i l e  d i f f e r s  from t h e  observed one (curve 1) by l e s s  than 

, 


30%. 
 Such good 	agreement f o r  Venus raises t h e  ques t ion  of whether an iono

1 
a p p l i e s  f o r  Mars, f o r  which t h e  same composition is assumed.sphere of type F 

The explanat ion of t h e  n ight t ime ionosphere recorded by Mariner-5 i s  a 

s i g n i f i c a n t l y  more complicated task .  The run of t h e  measured e l e c t r o n  con
4

c e n t r a t i o n ,  which has  a maximum of t h e  order  of 10 cmm3 a t  a d i s t ance  of 



6400 km and t o  10
2 a t  7500 km, i n d i c a t e s  t h a t  t h e  scale he igh t  of  t h e  e l e c t r o n  L23 

p r o f i l e  above 6500 km comprises a q u a n t i t y  o f  t h e  o r d e r  o f  s eve ra l  hundreds o f  

ki lometers .  Such a l a r g e  scale he igh t  should be a s s o c i a t e d  wi th  t h e  presence 

o f  l i g h t  i o n s  such as H e  + 
and H+ McElroy and S t r o b e l  [38] discussed va r ious

2' 
poss ib l e  sources  of  i o n s  i n  t h e  n ight t ime atmosphere and concluded t h a t  t h e  

+
t r a n s f e r  of  H e +  and H2 i o n s  from t h e  daytime s i d e  of  t h e  p l ane t  a t  l a r g e  a l t i 

tudes  and t h e i r  subsequent d i f f u s i o n  below is most probable. Thus, above a 

c e r t a i n  l e v e l  zo t h e  ionosphere i s  i n  ambipolar-diffusive equi l ibr ium, and 

lower down H e +  and H+ w i l l  e n t e r  i n t o  a r e a c t i o n  wi th  C02, NZ, H2 and o t h e r s ,
2 

and as a r e s u l t  o f  t h e  corresponding a l t i t u d e  v a r i a t i o n  o f  t h e  rate of  recom

b i n a t i o n  and d i f f u s i o n  a maximum o f  heavy i o n s  i s  formed. However, it remains 
n 

unc lea r  whether t h e  ra te  of  i o n i z a t i o n  of hydrogen and helium on t h e  daytime 

s i d e  i s  s u f f i c i e n t  t o  provide t h e  necessary  f l u x  of  t h e s e  i o n s  t o  t h e  n ight t ime 

s i d e  and compensate i n  t h e  long run t h e  t o t a l  rate o f  l o s s  of  i o n s  i n  t h e  e n t i r e  

t h i ckness  of t h e  n ight t ime ionosphere.  

O f  a l l  t h e  problems connected wi th  t h e  upper atmosphere of Venus, t h e  pro

blem of t h e  i n t e r p r e t a t i o n  of t h e  u l t r a v i o l e t  measurements of  Mariner-5 i s  t h e  

most widely discussed i n  p r i n t  a t  t h e  present  t i m e .  The ques t ion  c o n s i s t s  of 

expla in ing  t h e  v a r i a t i o n  i n  t h e  s lope  of t h e  dependence of t h e  i n t e n s i t y  of 

s c a t t e r e d  L r a d i a t i o n  on p l a n e t o c e n t r i c  r a d i u s  observed a t  a d i s t a n c e  of 9000 
CY 


Jan from t h e  center of t h e  p lane t .  These d a t a  can  conform t o  t h e  barometr ic  

formula only  i f  t h e  r e l a t i o n s h i p  of m a s s  t o  temperature  above and below 9000 km 

d i f f e r s  by a f a c t o r  of two, with t h e  heavy o r  co ld  gaseous component predomin

a t i n g  below 9000 km and t h e  l i g h t  o r  hot  component dominating above. To exp la in  

t h i s  e f f e c t ,  f o u r  models w e r e  assumed: 1) two-temperature, 2 )  deuterium, 3 )  a 

model of molecular hydrogen and 4 )  an asymmetric model. These models w e r e  d i s 

cussed i n  d e t a i l  i n  t h e . p a p e r s  [ lo ,  21, 22, 37, 491. The first model does not  

m e r i t  s e r i o u s  a t t e n t i o n .  The model of  molecular hydrogen, i n  which L is pro-
CY 


duced by photodissoc ia t ion  of  H2' w a s  defended by Barth [131. However, Donahue 
' 

[ 2 l ]  presented several s e r i o u s  ob jec t ions  t o  t h i s  model. One of  them c o n s i s t s  

of  t h e  fact t h a t  a t  t hose  concen t r a t ions  of H2 which are requi red  t o  expla in  t h e  

observed i n t e n s i t i e s  of Lyman-cy i n  t h e  i n t e r v a l  from 6500 t o  9000 km, t h e  ra te  

of production of H atoms due t o  photodissoc ia t ion  of H2 and t h e  r e a c t i o n  

H2 
+ 0 (1D )  + H + OH i s  so g r e a t  t h a t  it is  not  compensated by d i f f u s i o n  and 
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t h e  escape of  H from t h i s  region. The o t h e r  ob jec t ion  is as soc ia t ed  with 

d i f f i c u l t i e s  i n  expla in ing  t h e  observed e l e c t r o n  p r o f i l e  i n  an atmosphere r i c h  

i n  H2' I n  such an atmosphere, t h e  ionospheric  l a y e r  should be  s i g n i f i c a n t l y  

h ighe r  and s i g n i f i c a n t l y  more spread out .  

The papers  [22, 371 are devoted t o  an a n a l y s i s  of t h e  deuterium model. I n  -/24 
t h i s  model, H atoms produce t h e  L l i n e  above 9000 km, and t h e  D atoms produce

CY 
it below 9000 km. The l i n e  of  heavy hydrogen i s  s h i f t e d  r e l a t i v e  t o  t h e  L 

CY 
l i n e  of l i g h t  hydrogen by on ly  0.33 fi  i n  a l l ,  and t h e  D atoms scatter s o l a r  

r a d i a t i o n  almost t h e  same as H atoms. To exp la in  t h e  observed i n t e n s i t i e s ,  it 

is  necessary  t o  assume t h a t  t h e  r a t i o  of  t h e  concent ra t ion  of  deuterium t o  t h e  

concent ra t ion  of  hydrogen a t  a d i s t a n c e  of 6500 km from t h e  c e n t e r  of t h e  p lane t  

i s  10:l. A s  shown i n  t h e  paper [37], a t r a n s i t i o n  a c r o s s  t h e  thermosphere can 

inc rease  t h e  r a t i o  n (D)/n(H) by only  100 t i m e s ,  and t h e r e f o r e  t h e  r a t i o  n ( D ) /  

n ( H )  i n  t h e  lower atmosphere should be 0.1, which c o n t r a d i c t s  f i n a l l y  t h e  

terrestr ia l  experiment. However, i n  t h e  atmosphere of  Venus, i s o t o p i c  f r a c t i o n 

a t i o n  wi th  escape could occur  s i g n i f i c a n t l y  more i n t e n s i v e l y  than  on t h e  e a r t h  

and t h e  r e l a t i v e  amount of  deuterium compounds could s i g n i f i c a n t l y  increase.  

Some poss ib l e  methods f o r  an experimental  check of t h i s  proposal are discussed 

i n  t h e  paper [37]. The most s e r i o u s  ob jec t ion  t o  t h i s  hypothes is  i s  a s soc ia t ed  

f o r  t h e  present  wi th  t h e  f a c t  t h a t  t h e  i n f r a r e d  s p e c t r a  of HC1 i n  t h e  atmosphere 

of Venus does not  revea l  t h e  presence of DC1 l i n e s .  

The r o l e  of  asymmetry of  t h e  atmosphere i n  t h e  c r e a t i o n  of t h e  observed 

effect  w a s  d iscussed i n  t h e  paper [ 4 9 ] .  It is shown t h e r e  t h a t  i n  an atmo

sphere c o n s i s t i n g  of on ly  H,  t h e  e f f e c t  w i l l  be  observed i f  t h e  temperature  at 

t h e  a n t i s o l a r  po in t  of  t h e  exosphere i s  2-3 t i m e s  l a r g e r  t han  a t  t h e  subso la r  

point .  The presence of such an asymmetry is, of course ,  on ly  s l i g h t l y  probable,  

In  an atmosphere c o n s i s t i n g  of D and H,  an asymmetry is a l s o  requi red  t o  exp la in  

t h e  d a t a  of t h e  observat ions.  The concent ra t ion  of deuterium a t  a c r i t i c a l  l e v e l  

of cons tan t  temperature  should drop by a f a c t o r  of  10 from t h e  subso la r  po in t  t o  

t h e  a n t i s o l a r  po in t .  It should a l s o  b e  noted t h a t  f o r  complete assurance t h a t  

t h e  effect discovered by Mariner-5 is connected not  wi th  a random phenomenon but  

wi th  one cons t an t ly  present  i n  t h e  atmosphere, repea ted  measurements are 

necessary.  
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The Lack of Water on Venus 

A comparison of t h e  t o t a l  amount of  va r ious  gases  comprising t h e  atmo

sphere  of  Venus wi th  t h e  amount of  v o l a t i l e  subs tances  contained i n  t h e  atmo

sphere,  hydrosphere, and c o r e  of  t h e  e a r t h  reveals t h a t  on Venus t h e r e  is at  
4least 10 t i m e s  less w a t e r  t han  on t h e  ea r th .  If one assumes t h a t  t h e  atmo

spheres  have an i d e n t i c a l  o r i g i n ,  then  since t h e  masses and diameters  of Venus 

and t h e  e a r t h  are almost i d e n t i c a l ,  t h e  amounts of gases  r e l eased  as a r e s u l t  

o f  degassing should a l s o  be approximately t h e  same,. Therefore ,  it is poss ib l e  

t o  assume t h a t  t h e  d i f f e r e n c e  i n  t h e  composition of  t h e  two p l a n e t s  is assoc i 

a t e d  wi th  t h e i r  d i f f e r e n t  d i s t a n c e s  from t h e  sun, t h e  d i f f e r e n t  i n i t i a l  thermal 

s t r u c t u r e s  of t h e  atmosphere, and t h e  d i f f e r e n t  subsequent evolut ion.  The -/25 

papers  [ 2 4 ,  43 ,  461 are devoted t o  an a n a l y s i s  of  t h e s e  ques t ions .  I n  them, 

t h e  l a c k  of w a t e r  on Venus is explained by t h e  more r a p i d  processes  of  photo-

d i s s o c i a t i o n  of  H20 and d i s s i p a t i o n  o f  H than on t h e  ea r th .  If one assumes 

t h a t  Venus l o s t  i n  4.5 x 109 yea r s  as much w a t e r  as w a s  contained on t h e  e a r t h ,  

then  i n  t h e  course  of t h i s  per iod  of  t i m e  t h e  ra te  of photodissoc ia t ion  of  H20 

and t h e  escaping f l u x  of  hydrogen should have had a magnitude of  t h e  o r d e r  of  

atoms c m  
-2 sec -1. On t h e  e a r t h ,  t h e  rate of d i s s o c i a t i o n  of  H20 is only  

10
8 

atoms c m  -2 sec -1. However, on t h e  e a r t h ,  oxygen on t h e  one hand s h i e l d s  a 

l a r g e  p a r t  of t h e  H20  from d i s s o c i a t i o n ,  and on t h e  o t h e r  hand a "cold t r a p "  -
t h e  t ropopause wi th  a temperature  i n  t h e  equa to r i a l  reg ion  of around 1 9 0 ° K  -
does not a l low a l a r g e  amount of  w a t e r  vapor t o  ascend i n t o  t h e  s t ra tosphere .  

S ince  t h e r e  i s  s i g n i f i c a n t l y  less  oxygen on Venus and t h e  temperature  of  t h e  

tropopause i s  h igher  (around 240'K according t o  t h e  Mariner-5 d a t a ) ,  t h e  photo-

d i s s o c i a t i o n  of  H20 w i l l  proceed i n  t h e  first p lace  wi th  a l a r g e r  c o e f f i c i e n t ,  

and i n  t h e  second p lace  a t  l e v e l s  where t h e  concent ra t ion  of  H20 is  s i g n i f i c a n t l y  

g rea t e r .  Therefore ,  it i s  completely probable t h a t  t h e  ra te  of  photodissoc ia t ion  6 

on Venus reached of t h e  o r d e r  of  1O1l -10  
1 2  

atoms c m  -2 
sec 

-1. The r e l eased  hydro

gen d i f fused  upward, w a s  ion ized ,  and c a r r i e d  away by t h e  s o l a r  wind, bu t  t h e  

oxygen w a s  used i n  r e a c t i o n s  convert ing CH and CO i n t o  CO2' 
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